The long-term benefits of root foraging in heterogeneous environments are unclear. The short duration of many previous studies may have overlooked the effects of patch depletion and root turnover, which may limit the long-term rewards of root foraging for perennial plants. 2 The benefits of root foraging were investigated for Holcus lanatus and Nardus stricta over two growing seasons. Shoot biomass of each species was measured in homogeneous nutrient-rich and nutrient-poor treatments and in a heterogeneous treatment consisting of a nutrient-rich and a nutrient-poor side, at a high and a low overall level of nutrient availability at the same patch contrast. Large initial differences in nitrate concentrations in the soil solution between the soil types disappeared so that, after several months, nitrate levels were low in all soil types. 3 In heterogeneous treatments, Holcus was able to proliferate roots in the nutrient-rich side compared with the nutrient-poor side, but only at the high overall level of nutrient availability. Nardus did not selectively place roots in the nutrient-rich side of the heterogeneous treatment at either nutrient level. 4 Root longevity, as determined by minirhizotron observations, revealed that roots of Holcus tended to be shorter lived than those of Nardus , and to live longer in nutrientpoor soils. 5 Initially, Holcus produced more shoot biomass in the heterogeneous treatments, at both overall levels of nutrient availability, than expected from values in the homogeneous treatments, but this advantage disappeared by the end of the first growing season and, after 2 years, shoot biomass in the heterogeneous treatments was much less than expected. At the high overall level of nutrient availability, Holcus shoot biomass was not significantly greater than that produced in the homogeneous nutrient-poor treatment. In contrast, shoot biomass of Nardus in the heterogeneous treatment was similar to the expected value, both after the first and second growing seasons. 6 For Holcus , fast root proliferation and presumably a high nutrient uptake resulted in increased shoot biomass in the short term, but this was then curtailed by rapid patch depletion and high losses due to a limited root life span. We discuss the implications for the long-term rewards of root proliferation in perennial species of heterogeneous environments.
Introduction
In natural habitats, the supply of essential resources for plants is intrinsically heterogeneous, both in space and time, and roots of plants have developed foraging mechanisms that help them to acquire adequate amounts of nutrients despite below-ground heterogeneity (Hutchings & de Kroon 1994) . Jackson & Caldwell (1996) and Ryel & Caldwell (1998) have shown theoretically that plants that do not alter their root morphology or physiology in response to local nutrient enrichment will acquire fewer nutrients in heterogeneous than in homogeneous environments, even if the total amounts available are the same.
In spite of numerous root foraging studies, the benefits of root plasticity over one full growing season or more are still unknown. It is important to know about such longer-term effects because most plant species are perennial, and demographic processes such as clonal propagation and sexual reproduction are expressed over this longer term. There are at least two reasons to believe that, for perennial plants in natural habitats, the rewards of root proliferation in enriched nutrient patches will be lower than indicated by existing foraging studies. Firstly, nutrient concentration in enriched patches was often kept constant during experiments (e.g. Drew & Saker 1975 , 1978 Drew 1975; Crick & Grime 1987; Granato & Raper 1989; Campbell et al . 1991) , whereas nutrient uptake and leaching will lead to depletion in natural patches and thus limit the potential benefits of root proliferation in heterogeneous environments. This has previously been found for nitrogen acquisition (van Vuuren et al . 1996; Fransen et al . 1998; Hodge et al . 1998 Hodge et al . , 1999a and may become especially apparent in the longer term. Strikingly, root proliferation may not even occur until after the plant has taken up most of the extra nitrogen available and root physiological plasticity may be needed to enable rapid nitrogen uptake prior to patch depletion (van Vuuren et al . 1996; Ryel & Caldwell 1998) . These observations call into question the long-term advantages of root proliferation for the acquisition of mobile ions such as nitrate, but most root foraging studies are typically carried out over a very short time-span, typically in the order of weeks (Crick & Grime 1987; Campbell et al . 1991; van Vuuren et al . 1996; Hodge et al . 1998) . Our previous study on the root foraging ability of five perennial grass species (Fransen et al . 1998) , despite being one of the longest to date, lasted for only 3 months.
Secondly, with median root life spans of herbaceous plants ranging from 2 weeks to more than a year (Eissenstat & Yanai 1997; van der Krift et al . 2000) , few foraging studies have been able to consider the effects of differences in root life spans between species. The benefits of foraging are usually defined in terms of nutrient uptake or short-term growth, but the long-term growth of perennial plants depends on the balance between nutrient uptake and losses due to turnover of plant parts (Berendse 1985 (Berendse , 1994 . In general, species from nutrient-rich habitats display more root proliferation than those from nutrient-poor habitats (Fransen et al . 1998; Robinson & van Vuuren 1998) . However, they also lose more nutrients due to higher root turnover rates, leaching or exudation (Schläpfer & Ryser 1996; Vázquez de Aldana et al . 1996; van der Krift et al . 2000) although they may be able to acquire sufficient nutrients in their indigenous nutrient-rich habitats to offset such losses. In nutrient-poor habitats this compensation may be insufficient (cf. Berendse & Elberse 1990) , and indigenous species, which display less root proliferation but are better able to retain captured nutrients due to longer tissue life spans, will have an advantage (Berendse et al . 1987; Aerts 1989; Diemer et al . 1992; Schläpfer & Ryser 1996) . To our knowledge, no studies have been carried out at the appropriate timescale to investigate how root proliferation and root longevity interact with the ability to capture nutrients and to grow in patchy environments.
In this study we investigate the growth in heterogeneous environments of two perennial grasses ( Holcus lanatus and Nardus stricta , which occur in nutrient-rich and nutrient-poor habitats, respectively) that differ in root proliferation ability and root life span. Holcus , but not Nardus , generates significantly higher root length densities in response to local nutrient enrichment ( Fransen et al . 1998) . Furthermore, species from more nutrientrich habitats generally display lower tissue life spans (Chabot & Hicks 1982; Reich et al . 1992; Berendse et al . 1999) and Holcus is therefore expected to have a higher root turnover rate than Nardus . Van der Krift et al . (2000) recently found a highly significant negative correlation between root life span and habitat nutrient availability for a number of grass species: the roots of Lolium perenne , a species from habitats comparable with those of Holcus lanatus , lived for an average of 14 weeks, while Nardus stricta had a mean root life span of 58 weeks. As a species typical of nutrient-poor habitats, Nardus is likely to have a system of roots that remains viable during prolonged periods of nutrient stress, but which may rapidly increase uptake in response to nutrient enrichment (Crick & Grime 1987; Grime et al . 1991) .
The performance of the plants was assessed over two growing seasons, thereby allowing for nutrient depletion, and under two overall levels of nutrient availability. We hypothesized that at a high overall level, Holcus would acquire sufficient nutrients to offset the high losses expected due to turnover, and plant growth would therefore show a positive net effect as a result of root proliferation in enriched nutrient patches. At a low overall level of nutrient availability, however, selective root placement would lead to only small gains in uptake, preventing the acquisition of sufficient nutrients to offset losses. Under such conditions roots with a less responsive development pattern and a longer life span, as displayed by Nardus stricta , were expected to be more beneficial.
Materials and methods

 
Holcus lanatus L. is a fast-growing species (potential relative growth rate = 1.56 week -1
; Grime & Hunt 1975) that is characteristic of nutrient-rich habitats. Nardus stricta L. is slow-growing (potential relative growth rate = 0.71 week -1 ; Grime & Hunt 1975) and characteristic of nutrient-poor habitats. Plants of both species were collected in autumn 1994 from different sites in a former agricultural grassland along the Anlooër Diepje, a brook in the 'Drentse Aa' Nature Reserve (53 ° N, 6 ° 40 ′ E) (see Bakker 1989; Olff et al . 1994) . Plants of each species used in this study were isolated from plants propagated from the original field material in a heated greenhouse. Two genotypes of each species were used.
       
To enable a detailed study of the root dynamics of mature plants under field conditions, regardless of the size of the plants and the duration of the experiment, the species were grown in the Wageningen Rhizolab (Smit et al . 1994; van de Geijn et al . 1994) . Four watertight compartments (1.25 m × 1.25 m × 2.00 m; width × length × depth) were filled to a depth of 1 m with coarse sand to represent deep subsoil (Fig. 1) ; this was covered with a black PVC sheet (3 mm thickness) to prevent root penetration, with a central hole for drainage.
The top 1 m of each compartment contained two substrates applied in three 40 cm wide bands (Fig. 1) . Each substrate consisted of a mixture of humus-rich black soil (4.1% organic matter, pH-KCl 4.5) and coarse sand. A compartment contained either two nutrient-rich bands and one nutrient-poor band, or one nutrient-rich band and two nutrient-poor bands, and 13 square sub-compartments (0.28 m × 0.28 m) were established using PVC partitions sealed with plasticine (RhiwaHartomex BV, Nieuwerkerk aan den IJssel, the Netherlands). Sub-compartments were either homogeneously nutrient-rich, homogeneously nutrient-poor or heterogeneous (50% of the area covered by each substrate; Fig. 1 ). A plant of either Holcus or Nardus was placed at the centre of each sub-compartment (in the heterogeneous cells, roots of plants placed on the boundary could penetrate freely into both substrates).
In two of the four compartments, nutrient-rich soil consisted of 80% humus-rich black soil and 20% coarse sand, and nutrient-poor soil consisted of 20% humusrich black soil and 80% coarse sand (N-mineral 16.3 and 8.8 mg / kg, respectively, 1  KCl-extraction), to give a high overall level of nutrient availability. In the other two compartments (low overall level), nutrientrich soil consisted of 20% humus-rich black soil and 80% coarse sand, and nutrient-poor soil consisted of 5% humus-rich black soil and 95% coarse sand (N-mineral 8.8 and 4.6 mg /kg, respectively). The patch contrast (Kotliar & Wiens 1990) or relative heterogeneity (Li & Reynolds 1995) was therefore the same (4 : 1) for the two overall levels of nutrient availability.
This experimental design provided four or five replicates of each combination species × overall nutrient level × nutrient distribution. Compartments were filled manually (bulk soil density 1.3 kg dm -3
) and capacitance moisture sensors, ceramic suction cups (diameter 2.2 cm, length 5.5 cm) and glass minirhizotron tubes (diameter 6 cm, length 1.30 m) were installed at fixed positions (Fig. 1, see Smit et al . 1994 for further details on the equipment). The compartments were covered with gravel and an automatic drip was installed to regulate water addition and ensure a fairly constant soil water content.
Four minirhizotron tubes were installed horizontally in each compartment at a depth of 25 cm (Fig. 1) , using plasticine seals where they penetrated the PVC-partitions. The open ends of the tubes protruded via plastic cuffs through a wooden panel into a sunken corridor, adjacent to the compartments (see van de Geijn et al . 1994 for details). The tubes were filled with insulation foam and the open ends covered with a metal can to prevent possible effects of temperature differences between the glass tubes and the bulk soil, or of light. and nutrient-rich (shaded) substrate. PVC-partitions established 13 square sub-compartments. The soil in each was either homogeneous nutrient-poor, homogeneous nutrient-rich soil, or heterogeneous. Minirhizotron tubes, capacitance moisture sensors and ceramic suction cups were installed at the positions indicated (cups and sensors not drawn in the heterogeneous sub-compartments in (a) for clarity). Note that the lateral cross-section is through the middle of two heterogeneous subcompartments. To balance the number of replicates of the homogeneous treatments, two of the four compartments were as shown, and the other two had two bands of nutrient-poor soil and one band of nutrient-rich soil.
The experiment started in May 1996. In March of the second year (1997), slow-release fertiliser (N : P : K = 13 : 13 : 13; total release time = 3 -4 months; Osmocote Plus, Scotts Europe BV, Geldermalsen, the Netherlands) was added to the plants to re-establish the initial patch contrast between the nutrient-rich and nutrientpoor soil in the heterogeneous treatment. The amount of fertiliser added to a given sub-compartment was equal to the initial nitrogen content of the different soil substrates to a depth of 1 m, as calculated from KClextractions of the soil in the first year.

Roots in each minirhizotron tube were observed biweekly with a video camera at fixed positions (once a month during winter: November-March). For details about the video observation system in the Wageningen Rhizolab, see Smit et al . (1994) . In the homogeneous treatments, six root positions were monitored on each plant while, in the heterogeneous sub-compartments, six root positions were monitored in each soil type ( Fig. 1 ). Each position consisted of an area of 14 × 18 mm along the upper side of the tubes.
Volumetric soil moisture content and temperature of the soil in 13 sub-compartments ( Fig. 1) were measured weekly with capacitance moisture sensors. Only one of the two substrates was sampled in each heterogeneous sub-compartment. At the same time, soil solution was extracted from each sub-compartment with ceramic suction cups. The NO 3 -concentration in the extracted soil solution was measured using a continuous flow analyser (Skalar, Breda, the Netherlands). In the heterogeneous sub-compartments, soil solution was extracted from only one of the two substrates.
The above-ground parts of plants were harvested at the end of each growing season and Holcus was also clipped several times during a growing season to prevent shading of neighbouring plants. Nardus was only clipped twice, during the second year of the experiment. All clipping reduced plant height to 10 cm, except at the final harvest of the second season when plants were cut at ground level. Clipped material was collected, dried at 70 ° C for at least 48 h, and used to calculate cumulative shoot biomass throughout the experiment.
At the end of the experiment, two soil-cores were taken from each of the sub-compartments, at standardized distances from the original positions of the plants, using an auger (diameter 5 cm) at a depth of 0-20 cm (one soil-core from each substrate in heterogeneous cells). Roots were extracted and biomass determined after drying the roots.
 
Minirhizotron video-images (14 × 18 mm) were digitized, and contrast and brightness optimized automatically for each image by image analysis software. For the analysis of root length, three adjacent images were combined, resulting in an image corresponding to a 36 × 18 mm area on the surface of the minirhizotron tube. Roots had to be traced manually due to the large overlap in grey levels between roots and soil particles. The length of trace-lines was automatically converted to actual root length. The sequential root observations enabled root development and root life span to be followed during the experiment.
A major problem in assessing root life span is the definition of root death because roots may exhibit signs of necrosis over part of their length while other parts remain healthy (Eissenstat & Yanai 1997) . During this experiment roots gradually became darker and thinner. As a conservative estimate, roots were only classified as dead when they disappeared, since they may continue to absorb water and nutrients even after death of the epidermal and cortical cells (Eissenstat & Yanai 1997) .
   ,        
Soil moisture, soil NO 3 -concentration and minirhizotron visible root length data were analysed by three-way  using GLM (SPSS 1995) with species, overall nutrient level and nutrient distribution (i.e. homogeneous nutrient-poor, homogeneous nutrient-rich, heterogeneous nutrient-poor and heterogeneous nutrient-rich) nested within overall nutrient level as main factors, and date as a covariate.
Root life span was determined by following the fate of the first root cohort visible in the minirhizotron video images (these roots appeared between 29 May and 11 July 1996). Percentage survival was used as an indication of root life span, and cohort analysis (Pyke & Thompson 1986; Pregitzer et al . 1995 ) was used to quantify treatment effects. Effects of nutrient distribution and overall nutrient availability were determined using a Gehan-Wilcoxon non-parametric test (SPSS 1995) appropriate for survivorship data in which not all individuals die during the recording period (Pyke & Thompson 1986 ).
    
Like all measurements of phenotypic plasticity, selective root placement can be analysed at a common point in time or at a common plant size (Coleman et al . 1994 ). Analyses of selective root placement at a common point in time are important for assessing 'real time' processes, such as plant-plant interactions, and for the analysis of seasonal patterns of root development (Coleman et al . 1994) . Analysis of selective root placement at a common plant size is important to assess the functional adjustments of the foraging response (Fransen et al . 1999) . Plants display ontogenetic drift in many phenotypic traits, especially those related to any aspect of plant size, and as a result, proportional biomass distribution between different plant parts is rarely constant for long periods (Evans 1972) . To distinguish between functional adjustment of a phenotypic response and ontogenetic drift, differences in biomass partitioning in response to nutrient heterogeneity need to be evaluated at a common plant size (Evans 1972; Coleman et al . 1994; Coleman & McConnaughay 1995) . Therefore, selective root placement is presented as root biomass in relation to nutrient heterogeneity, and expressed relative to shoot biomass to account for differences in plant size between the treatments.
Root biomass within the soil-cores was analysed by three-way  , using GLM (SPSS 1995), with species, overall nutrient level and nutrient distribution (nested within overall nutrient level) as main factors. In addition, three a priori comparisons of root biomass were carried out within each combination of species and nutrient level: (i) nutrient-rich to nutrient-poor within the heterogeneous treatment, to test whether species produced more roots in the nutrient-rich side; (ii) heterogeneous nutrient-rich to homogeneous nutrientrich; and (iii) heterogeneous nutrient-poor to homogeneous nutrient-poor. Comparisons (ii) and (iii) test whether the root placement pattern resulted from localized growth responses and the extent to which integration within the root system had significant effects.
Root growth may be closely co-ordinated between different parts of the root system, so that increased root growth in nutrient-rich patches may occur at the expense of growth elsewhere in the root system (Gersani & Sachs 1992; Robinson & van Vuuren 1998) . Hence, if such integration occurs within the root system of the species, root biomass in the nutrient-rich side of the heterogeneous treatment will be higher than in the same volume of the homogeneous nutrient-rich treatment. Simultaneously, root biomass in the nutrient-poor side of the heterogeneous treatment will be lower than in the same volume of the homogeneous nutrient-poor treatment. Because plants in the different treatments will be of different size when compared, due to the differences in nutrient availability between the treatments, comparisons (ii) and (iii) were analysed only after correction of root biomass for variation in shoot biomass. For this purpose, ln-corrected shoot biomass was used as a covariate in the analysis. The three comparisons together match the assumption of orthogonality (see Sokal & Rohlf 1981, p. 233) and normal F -tests without corrections were carried out.
       
To evaluate the benefits of root foraging responses, we developed a 'null-model' to predict the amount of biomass produced by a species in the heterogeneous treatment. If roots of a particular species forage in each of the separate soils of a heterogeneous treatment similarly to how they would behave in the corresponding homogeneous treatment, root densities and uptake rates per unit root (length or biomass), as well as the amounts of nutrients acquired from the soils per unit soil volume, will also be equal (cf. Fransen et al . 1999) . Given the effects of plant size, these predictions, however, must be expressed per unit plant size. With nutrientrich and nutrient-poor patches each comprising 50% of the available soil volume, this null-model predicts that biomass production in the heterogeneous treatment will be halfway between that in the two homogeneous treatments. Note that this prediction only holds if the biomass produced per unit of nutrient acquired changes linearly as soil nutrient concentration increases between poor and rich soils.
Growth may deviate from this null-model in two different ways. First, if neither morphological or physiological responses enable a species to forage selectively in the nutrient-rich side of the heterogeneous treatment, it will acquire fewer nutrients per unit plant size from the nutrient-rich side than from the same volume of soil in the homogeneous nutrient-rich treatment. Consequently, its production in the heterogeneous treatment will be lower than expected, based on the null-model. Second, a species may produce more biomass than expected, if it is able to achieve a higher nutrient acquisition per unit plant size from the heterogeneous nutrient-rich side than from the same soil volume in the homogeneous nutrient-rich treatment (Jackson & Caldwell 1996; Ryel & Caldwell 1998) . A co-ordinated response might have such an effect, with enhanced foraging in the nutrientrich side (e.g. by the production of relatively more roots) being associated with reduced activity in the nutrientpoor side of the heterogeneous treatment, compared with homogeneous conditions. Shoot biomass was used to assess the long-term effects of root foraging. Three-way  's (GLM; SPSS 1995) were used to analyse shoot biomass, separately for data from the first and the second year. A posteriori tests were carried out within each combination of species and nutrient level using Tukey's HSD-test.
Results
 
Soil moisture content was generally higher in the nutrientrich soil (9.1%) than in the nutrient-poor soil (7.1%) in the same compartment, probably due to higher organic matter content in the former, but did not differ significantly between the two overall levels of nutrient availability. Soil temperature varied significantly during the experiment and all the plots showed similar fluctuations during the 2 years of study (results not shown).
The initial NO 3 -concentration of the extracted soil solution was higher in soils that contained a higher proportion of humus-rich black soil (Fig. 2) . Soil types in the heterogeneous treatments were not significantly different from the corresponding homogeneous treatment, at either overall level of nutrient heterogeneity. The soil NO 3 -concentration declined rapidly during the first 2 months of the experiment, particularly at overall high nutrient availability (marginally significant interaction of level × date, Table 1 ), and in the nutrientrich soil within each of the overall levels (significant interaction of nutrient distribution within nutrient level × date). Regardless of the initial levels, the NO 3 -concentration dropped to similar low values within 3 months of the start of the experiment (Fig. 2) .
A peak in mineralization immediately after the winter period, and supply of additional nutrients in spring, was followed, in Nardus plots only, by an increase in soil NO 3 -concentration in early summer of the second year (Fig. 2) . This probably reflects a rapid uptake of the mineralized nitrogen by Holcus but not by Nardus .
        
Visible root length in the minirhizotron tubes was significantly greater for Holcus than Nardus (Fig. 3, Table 1 ). Table 1 . Table 1 Analysis of variance of the NO 3 -concentration of the soil solution (Fig. 2) , visible root length along the minirhizotron tubes (Fig. 3) , root biomass in the soil cores at the end of the second year (Fig. 5) , and the cumulative shoot biomass per plant at the end of the first and second year of the experiment (Fig. 6) . Date (D), species (S), overall nutrient level (L) and nutrient distribution (ND, i.e. homogeneous nutrient-rich and nutrient-poor and heterogeneous nutrient-rich and nutrient-poor) nested within the overall nutrient level were used as main factors. Length and biomass data were ln-transformed prior to analysis. NS = not significant; §P < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001.
For both species, root length increased during the first growing season, decreased during winter and increased rapidly during spring of the second year. The decrease in root length during winter was much more pronounced for Holcus than for Nardus, but Nardus had produced far fewer roots at 25 cm depth by the end of the first growing season. Cohort survivorship analysis showed that root longevity was greater for Nardus than for Holcus (P = 0.072). The difference was only marginally significant, probably due to the limited number of roots of Nardus (n = 7) present in the initial cohort of the homogeneous nutrient-rich treatments on which this analysis was based.
Roots of Holcus lived significantly (P = 0.013) longer under the overall low level of nutrient availability ( Fig. 4) . Under homogeneous conditions at the overall high level of nutrient availability, root longevity of Holcus was higher in nutrient-poor plots (Fig. 4b) and, although not significant, in both the nutrient-rich and the nutrientpoor sides of the heterogeneous treatment compared with their homogeneous counterparts.
   
After 2 years, root biomass per unit soil volume was higher for Holcus than for Nardus, higher at the high than at the low overall nutrient level (both marginally Fig. 3 Mean root length (± SE) per image (36 × 18 mm) as determined by minirhizotron observations for Holcus lanatus and Nardus stricta under various treatments (for symbols see Figure 2 ). Note the different scales for Holcus and Nardus. A statistical test of the effects is given in Table 1 . significant), and higher in the rich than in the poor soils within each of the nutrient levels ( Table 1) . Comparison of root biomass in the nutrient-rich and nutrient-poor sides of the heterogeneous treatments showed that Holcus produced significantly more root biomass in the rich side, but only at the overall high level of nutrient availability (Fig. 5a,b) , and that no selective root placement was detectable for Nardus at either nutrient level (Fig. 5c,d) .
Root biomass per unit soil volume of the species in the homogeneous treatments was significantly positively correlated with shoot biomass (r 2 = 0.23, n = 36, P = 0.003). To compare the root biomasses in the heterogeneous and the homogeneous treatments, root biomass was corrected for differences in plant size. Under the overall low level of nutrient availability, the root biomass per unit shoot biomass of Holcus was significantly lower in the nutrient-poor side of the heterogeneous treatment than in the homogeneous nutrient-poor treatment (Fig. 5e ), but no corresponding increase was observed under nutrient-rich conditions. At the overall high nutrient level, heterogeneity again reduced shoot size-corrected root biomass of Holcus under nutrient-poor conditions (if only marginally significant, Fig. 5f ), but now increased root biomass under nutrient-rich conditions. No significant differences were observed for Nardus, in root biomass per unit shoot biomass (Fig. 5g,h ).
  
Our null-model of root foraging predicts a shoot biomass in the heterogeneous treatments that is halfway between the biomasses produced in the corresponding homogeneous treatments. If we set the shoot biomass of the homogeneously poor treatment at 0%, and the (Figs e-h ) between corresponding soil types in the heterogeneous and homogeneous treatments, were tested for significance by a priori comparisons (see Methods for details). Differences were similarly tested. For all comparisons, bars with the same letter within each species × nutrient level combination are not significantly different at P > 0.05 ((a) and (b) denote a significant difference at P = 0.051). An overall statistical test of the mean root biomass data is given in Table 1. shoot biomass of the homogeneously rich treatment at 100%, the relative shoot biomass in the heterogeneous treatment expected under the null-model equals 50%. After 2 months growth, relative shoot biomass of Holcus was more than predicted by the null-model (64% and 68% for the low and high overall nutrient level, respectively), and biomass was not significantly different from the corresponding homogeneous rich treatments (Fig. 6a,b) . However, by the second half of the first growing season, the rate at which Holcus produced shoot biomass in the heterogeneous treatments was less than predicted by the null-model (relative values of 40% and 20%, for the low and high overall nutrient level, respectively, at the end of the first year, Fig. 6a,b) , with further reductions during the second growing season (to 34% under the overall low, and only 12% under the overall high level). The shoot biomass of the latter heterogeneous treatment was not significantly different from the shoot biomass in the homogeneous nutrient-poor treatment (Fig. 6b) .
After one growing season, the shoot biomass of Nardus in the heterogeneous treatments was very close to the expected null-model value (Fig. 6c,d ). At the end of the second growing season, the relative shoot biomass in the heterogeneous treatment tended to be lower (27%) than the expected value (50%) at the overall low level of nutrient availability (Fig. 6c ), but higher (75%) at the overall high level of nutrient availability (Fig. 6d) . However, there were no significant differences in shoot biomass of Nardus at either overall level of nutrient availability.
Discussion
The fast-growing and morphologically responsive species Holcus lanatus was expected to grow relatively well in a heterogeneous soil, as it had done in a previous experiment (Fransen et al. 1998) . Indeed, after 2 months of growth, its shoot biomass was not significantly different from that in the corresponding homogeneous rich treatments (Fig. 6) , irrespective of overall nutrient availability, although the heterogeneous treatments supplied only half as many nutrients.
Holcus roots were selectively placed in the rich part of the heterogeneous treatment, but only at high overall nutrient availability (Fig. 5) . At low overall levels, soil nutrient concentrations may have been too low to stimulate root proliferation (Zhang & Forde 1998; Hodge et al. 1999a) . In spite of these differences, short-term responses of shoot biomass of Holcus were the same for both overall nutrient levels. This result is consistent with recent findings that root proliferation contributes little to the observed rapid uptake of nutrients, especially of mobile soil ions such as nitrate, for which root physiological plasticity may be much more important (van Vuuren et al. 1996; Fransen et al. 1998; Hodge et al. 1998; Ryel & Caldwell 1998) . Consistent with model results (Robinson 1996; in press), both profits and costs of root Horizontal arrows indicate the expected values for the heterogeneous treatments, as given by a null-model based on the shoot biomass of the species in the corresponding homogeneous nutrient-rich and nutrient-poor treatments (see text for further explanation). An overall statistical analysis of the 1996 and 1997 final shoot biomass data is given in Table 1. proliferation thus seem to have been small in the short term.
However, the advantages of root foraging responses had disappeared for Holcus by the end of the first growing season and, by the end of the second year, Holcus shoots under heterogeneous conditions had grown no better than under homogeneous poor treatments (Fig. 6b) . This rapid decline in relative performance was probably due to patch depletion and root overproduction in the nutrient-rich patches. Holcus clearly profited from the high nutrient concentrations in the soil solution immediately after the experiment started (Fig. 2) , but rapid depletion probably curtailed the benefit of selective foraging in nutrient-rich areas by the end of the first year.
Nutrient depletion occurred at both overall levels of nutrient availability (Fig. 2) , and cannot therefore explain the greater reduction in performance of Holcus in the heterogeneous treatment at the higher level (Fig. 6) . This seems to have been due to the greater root proliferation in rich patches at the high level, leading to more root biomass than necessary to acquire the available nutrients (Robinson 1996; van Vuuren et al. 1996) . This root overproduction must eventually have resulted in greater carbon and nutrient losses due to short root life span, particularly in the richer soils ( Fig. 4 ; cf. van der Krift et al. 2000) .
It was already known that the potential benefits of root proliferation in heterogeneous soils may be reduced by patch depletion (van Vuuren et al. 1996; Fransen et al. 1998; Hodge et al. 1998 Hodge et al. , 1999a ), but our 2-year experiment further shows that the limited short-term benefits may become a major long-term cost in growth reduction. The low soil nutrient levels observed after 2 months seem typical of the field sites occupied by our species, in which mineralization pulses in spring are rapidly immobilized (Olff et al. 1994 ; see also Farley & Fitter 1999 ) and the long-term disadvantages of root proliferation are therefore likely to play a significant role for such perennial plants in their natural habitats.
The shoot biomass responses of Nardus stricta also differed over the short and the long term, although not as markedly as those of Holcus. Nardus was unresponsive in the first year of the experiment, lacking any selective root placement in heterogeneous treatments (Fig. 5) , and its shoot biomass was virtually identical to the expectation of the null-model (Fig. 6) . Even if Nardus roots did, as expected, express high physiological plasticity, their densities in the heterogeneous treatments in the first year were probably too low (Fig. 3) to increase nutrient capture significantly compared with homogeneous conditions.
In the second year of the experiment, the relative performance of Nardus in the heterogeneous treatments tended to be higher than expected at the high overall level of nutrient availability, but lower than expected at the low overall level (Fig. 6) . Thus, the relative performance at high overall nutrient availability for this species from inherently nutrient-poor habitats, was unexpectedly better than for Holcus. Under these conditions, a lack of morphological responses, probably combined with increased root life span (van der Krift et al. 2000) and associated low nutrient and carbon losses, apparently gave the highest relative long-term pay-off, at least in terms of shoot biomass. Plasticity in nutrient uptake capacity may also have contributed, with the increased root densities of Nardus in the second season (Fig. 3) , leading to higher uptake. At the low overall level of nutrient availability, nutrient supply rates of the soils may have been too low to produce similar benefits.
  
The long-term response of Holcus lanatus producing far less shoot biomass than expected in the heterogeneous treatment under the overall high level of nutrient availability was particularly surprising. It was probably due to the long-term costs associated with selective root placement and this species' short root life span. Under such conditions, Nardus stricta, which lacked selective root proliferation and had roots which lived for much longer, performed better than Holcus, despite being a species typical of very nutrient-poor grasslands.
If selective root placement results in poor performance of plants in the long term, then why is it so widespread? The ability of plants to respond morphologically to heterogeneity may be critical for their below-ground competitive success (Casper & Jackson 1997) . When grown in competition, the costs of overproducing roots in nutrient-rich patches may be less than the disadvantage of allowing other plants to acquire nutrients. Recently, it has been shown that, at least in the short term, root proliferation in nutrient-enriched patches confers a competitive advantage when plants are grown together (Hodge et al. 1999b; Robinson et al. 1999) . Indeed, if Holcus and Nardus were allowed to compete in heterogeneous soils at a high overall level of nutrient availability, Holcus would probably rapidly pre-empt the rich patches by virtue of its root proliferation and higher growth rates, and thus out-compete Nardus. Thus morphological responses to nutrient heterogeneity may feature more in species of nutrient-rich rather than nutrient-poor habitats (Fransen et al. 1998; Robinson & van Vuuren 1998) .
In less rich soils the initially weaker competitor may, however, survive competition over a first growing season, allowing the long-term costs of root proliferation to come into play so that the morphologically plastic species may be at a disadvantage. We have recently shown for two other grass species that differed in root morphological plasticity, that the morphologically more plastic Festuca rubra achieved a higher relative shoot biomass in heterogeneous soils in the first growing season, but subsequently lost its advantage to the physiologically more plastic Anthoxanthum odouratum (Fransen et al., in press ). We conclude that short and long-term effects of root foraging and root competition may be qualitatively different. More long-term experiments are needed to appropriately assess the demographic consequences of foraging for perennial plants.
